Introduction: Bone dust is often used as a control when testing the potential of a new reconstructive graft material. Under microscopic examination, it would be expected to see the fully differentiated cellular components of bone, but instead only fusiform shapes characteristic of fibroblasts are mainly seen. This study aimed to compare the osteogenic potential of cells obtained from calvarial bone dust, bone fragments, and periosteum using 3 assays: collagen, calcium, and alkaline phosphatase. Materials and Methods: Bone dust was harvested from the calvaria of 5 euthanized rabbits by drilling burr holes. Small pieces of intact, nondrilled bone, and periosteum were also obtained to serve as controls. The cells obtained from the bone dust, bone fragments, and periosteum were cultured for 5 weeks and then assayed for collagen (type 1), calcium, and alkaline phosphatase. Results: Staining for calcium revealed that the greatest calcium deposition was achieved with periosteum, followed by bone dust and then bone fragments. Staining for alkaline phosphatase was similar for bone dust and periosteum, followed by bone fragments. Collagen assay demonstrated the presence of collagen in similar concentrations in all 3 preparations. Conclusions: Bone dust has most of the necessary components for osteogenesis, including the presence of osteoprogenitor cells that have the ability to lay down collagen type 1 and deposit calcium and can differentiate to form bone. Further studies that can accurately quantify the percentage of surviving osteoblasts in various bone components are needed.
A n estimated 500,000 to 600,000 bone grafting procedures are performed annually in the United States for replacing bone that may have been lost because of atrophy, surgical intervention, or long-term inflammation. 1 Various filling materials are used for these defects. These may be heterogenous or autogenous. Autogenous materials are more biocompatible than heterogenous materials but have the disadvantages of donor site morbidity and resorption. Bone dust, which is released on drilling of calvarial burr holes, can be collected by a bone dust collector 2, 3 and used as an autograft for filling skull defects. 4Y8 In the various studies done on the properties of bone dust, there have been conflicting results. O'Broin et al 9 used bone dust with titanium mesh during cranioplasty. No new bone formation was seen, and the bone dust was resorbed completely in their study. Contrary to their findings, Fukuta et al 8 reported that bone dust produced a great amount of bone. The questions on whether cells within the bone dust can survive the drilling procedure and whether these cells have any osteogenic potential remain to be determined. In this study, an attempt was made to identify the histochemical properties of bone dust to improve the understanding of its physiological behavior. A comparison of the osteogenic potential of bone dust, bone fragments, and periosteum was made using collagen assay, alkaline phosphatase (ALP) assay (early markers of osteoblastic phenotype), and the deposition of calcium phosphate (late markers of osteoblastic phenotype).
MATERIALS AND METHODS
This study was approved by the institutional research committee of Providence Hospital. All funds for the study were provided by the Providence Hospital, Department of Patient Care Research. All animals used in the study received humane care in compliance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.
Animals
Five New Zealand white rabbits (Covance Research Products, Denver, PA) that were euthanized after an unrelated research project were used for this study. The calvaria of the rabbits had burr holes performed with a neurosurgical burr under sterile conditions to obtain bone dust. At the same time, intact calvarial bone fragments and periosteum were harvested from the same rabbits as controls. The bone dust, bone fragments, and periosteum from each rabbit were separately collected in a normal saline irrigation solution.
Culture Media
Explants and cells obtained were maintained in Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA). Osteogenic media contained DMEM plus 10% FBS, 10-mmol/L A-glycerophosphate, 0.1-Kmol/L dexamethasone (Sigma, St Louis, MO), and 50-Kmol/L ascorbic acid (Wako Chemicals, Richmond, VA).
Culture and Isolation of Cells Bone Dust
The explants were placed in 75-cm 2 flasks, and these were incubated at 37-C with 5% carbon dioxideY95% air in low-glucose DMEM supplemented with 10% FBS as previously described.
Bone Fragments
The soft connective tissue and periosteum were removed, and the bone was cut into 2 Â 2-mm 3 pieces. The preparations were centrifuged at 400g for 10 minutes and washed twice with phosphatebuffered saline (PBS). The bone piece explants were placed in 75-cm 2 flasks and were incubated at 37-C with 5% carbon dioxideY95% air in low-glucose DMEM supplemented with 10% FBS.
Periosteum
The periosteum was stripped off the calvaria, washed with PBS, and cut into 2 Â 2-mm 3 pieces. The periosteum was cultured with the cambium side downward the culture medium as described for bone fragments.
Once confluent, 50,000 cells per slide were plated onto four 9-cm 2 slide flasks for each of the 3 cell lines with osteogenic medium; these were cultured for 5 weeks. The cell lines derived from the 5 rabbits were maintained separately. At the end of 5 weeks, 20 slides for each cell line (periosteum, bone dust, and bone fragments) were harvested and assayed for calcium, ALP, and collagen. The assays are described in the following paragraphs.
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Alkaline Phosphatase
Alkaline phosphatase expression was assessed histochemically (Sigma Diagnostics, Procedure no. 85; Sigma) on cells grown on tissue culture slides. The slides were fixed in citrate-buffered acetone and then incubated in a solution of naphthol AS-MX phosphate. At sites of ALP activity, the naphthol AS-MX was released and reacted with a diazonium salt (fast violet B) forming insoluble red granules. The slides were then counterstained with Mayer hematoxylin.
Collagen Type 1
Collagen type 1 was detected by immunohistochemistry using a mouse monoclonal antibody (Clone Col-1; Sigma). Briefly, endogenous peroxidase activity was reduced by a 5-minute incubation in 3% hydrogen peroxide. Slides were then blocked for 10 minutes in 1.5% goat serum in PBS and then incubated with the primary antibody at a 1:500 dilution for 1 hour. The Vectastain Elite ABC Kit (Vector, Burlingame, CA) was used for detection with diaminobenzidine as the chromogen. Nuclei were visualized using a hematoxylin counterstain. 
Calcium
Calcium accumulation was assessed in cells grown on tissue culture slides using the von Kossa staining method. The cells were washed 3 times with PBS (without calcium or magnesium) and then fixed with 10% formaldehyde for 10 minutes. After an additional wash step with dH 2 O, the cells were incubated in a 2% silver nitrate solution under ultraviolet light for 1 hour. The slides were then washed with dH 2 O and treated with 5% sodium thiosulfate for 5 minutes. After washing the slides, the cells were counterstained with nuclear fast red. Calcium salts appeared as black granules in this reaction.
Stain Intensity and Percentage Area-Positive Scoring of Slides
For each of the assays, the intensity of the staining was graded from 1 to 4 as observed under the microscope. The percentage area, which was positive for the stain on the slides, was graded from 1 to 4 as follows: 1 = 5% to 25% area-positive 2 = 26% to 50% area-positive 3 = 51% to 75% area-positive 4 = greater than 75% area-positive A combined score was generated by multiplying the intensity by the percentage-positive area, and a final score of 1 to 16 was awarded to each slide.
Photography
Once the slides were stained, they were photographed using an Olympus 5000 microscope-mounted camera (Olympus America Inc, Center Valley, PA) and assessed visually.
RESULTS
For ALP, collagen type 1, and calcium stains, the final scores from the 20 slides each for bone dust, periosteum, and bone fragments were used to generate a mean score. We used analysis of variance to compare the mean score among the 3 cell lines for each of the staining methods.
Bone Fragments
The cultures reached confluence after 7 days, and the cells showed polygonal morphology. After 14 days in the osteogenic medium, multiple white nodules that increased in size over time were seen. The final score for the bone fragments ranged from 2 to 6 for both calcium and ALP activity (Figs. 1 and 2) . 
Periosteum
The cells reached confluence in 5 days. Initially, the cells had a fibroblast-like morphology, but after placing them in the osteogenic medium, they attained a polygonal shape. White nodule formation was seen after 21 days in the osteogenic medium but then increased exponentially over time. On gross examination, the number as well as the size of the white nodules appeared to be greater than for the bone fragments. The periosteal cell lines consistently showed a final score ranging from 9 to 16 for calcium and ALP stains (Figs. 3 and 4) .
Bone Dust
The cells reached confluence after 4 days and exhibited a polygonal morphology. No nodule formation was seen even after 5 weeks of culture in the osteogenic medium. Bone dustYderived cell lines showed a final score ranging from 6 to 12 for both calcium deposition and ALP stains (Figs. 5 and 6 ). Collagen scores ranged from 2 to 4 for all 3 cell lines (Figs. 7, 8, and 9 ).
DISCUSSION
Bone regeneration is a multistep process that involves mitotic expansion of progenitor cells at the sites of bone formation and their differentiation into functional osteoblasts. In our study, we tried to determine whether bone dust could be used as a bone graft material, which helped in this multistep process of bone regeneration. We also compared the osteogenic potential of bone dust with periosteum and bone fragments using various markers for the osteoblastic phenotype. Any bone graft material must have the properties necessary to create an optimal microenvironment, which attracts potential boneforming cells. Our study showed that when bone dust was placed in an adequate milieu of cytokines, nutrients, and hormones, the osteoprogenitor cells are activated and stain positive for both early and late markers of osteogenic potential.
Markers correlated with the osteoblastic phenotype include high ALP levels, expression of collagen type 1, and the presence of calcium.
14 As parameters for the osteoinductive potential of biomaterials, cells were evaluated on their expression levels of ALP, collagen synthesis (early markers), and calcium deposition (late markers).
In our study, all cell lines showed deposition of calcium, signifying mineralization, but the pattern of calcium deposition was different in bone dust cell lines when compared with the bone fragments and periosteal cell lines. Bone dust cell lines showed a dispersed calcification pattern, whereas bone fragments and periosteal cell lines showed foci of well-defined nodules. This difference in mineralization can be explained by the following. Cells derived from periosteum and calvarial bone fragments are a heterogeneous population of cells, possibly having a small amount of bone-forming cells (osteoprogenitors and colony-forming unitVosteoblasts). In vitro culture of these cells derived from periosteum and calvarial bone fragments results in the formation of well-distinct mineralized nodules representative of the clonogenic expansion of the colonyforming unitVosteoblasts (from calvarial bone fragments) or the osteoprogenitors (from the periosteum). Bone dustYderived cells are homogeneous cell populations hence have most of the components for forming and secreting minerals leading to the dispersed pattern of calcification.
For the calcium assay, the mean scores were significantly different among bone dust, bone fragments, and periosteum (P e 0.001). The mean for periosteum (13.2) was higher than the mean for bone dust (10) or bone fragments (3.9), implying that the periosteal cell lines were most active in laying down calcium (Fig. 10) .
Bone-specific ALP is considered to be the single most accurate marker of bone formation. 15 Although efforts have been made to develop analytical techniques that can differentiate between the different isoenzymes of ALP, most techniques are restricted to bone metabolism of human origin. Consequently, tissue-nonspecific ALP is measured in osteoblast-like cell cultures in vitro. Thus, the presence of ALP in bone dustYderived cell lines shows osteoblastic activity. For the ALP assay, there was no statistical difference in the mean score between the periosteum (10.5) and bone dust (10.2; P = 0.813). However, there was a statistical difference observed between the mean scores of bone dust and periosteum in comparison to bone fragments (4.0; P e 0.001; Fig. 11 ).
Positive collagen staining confirms the matrix-laying capacity of these cell lines. For collagen stains, there was no significant difference between the mean scores of all 3 cell lines (P = 0.650; Fig. 12 ). Stringa 16 established a striking correlation between the rate of vascular penetration into the bone implant and its ability to survive. He also showed that blood vessels penetrate cancellous bone much more readily than cortical bone because the cortex presents a physical impediment to invading blood vessels. Bone dust is completely permeable to new blood vessels coming from the surrounding tissue, thus having a better neovascularization potential. With the full complement of cellular activity, bone dust is osteogenic, osteoinductive, osteosynthetic, and is easily incorporated into the defect in which it has been placed. 13, 17 In our study, the markers used were an indirect measure of osteoblast activity.
Further studies that can quantify the exact percentage of surviving osteoblasts by radiolabeled DNA marking techniques will help in validating our results.
In our study, the period chosen for studying the osteogenic properties of the osteoblasts was 5 weeks. Various studies 10, 11, 14 have chosen time points varying from 2 to 6 weeks for determining the osteogenic potential. These varying time points were decided on by investigators depending on the aspect of osteoblasts being studied. As we were investigating the overall response of the osteoblasts from all sources, the 5-week end point seemed to be a reasonable conclusion.
Bone dust does not offer structural support but is well suited for filling bone defects and cavities. As such, bone dust can be used as an effective bone graft material on its own if the defect is small or in combination with other materials, including bone graft. This can minimize the amount of graft needed to fill a defect, hence, limiting donor site size and morbidity. 7,18Y20 In our study, maximum mineralization and ALP formation was seen with the periosteum. This observation leads us to conclude that if bone defects are filled with bone dust and the periosteum is used for cover, then the healing process will be expedited.
CONCLUSIONS
This study shows that bone dust has most of the necessary components for osteogenesis. It also establishes that bone dust has mineral deposition, ALP production, and collagen laying down properties. Owing to its porous structure, bone dust is easily neovascularized, and because it is autogenous, there is no immunologic reaction, thus getting easily incorporated in the defect. Although the periosteum was most active in laying down calcium, bone dust, owing to its easy availability in bulk and paste-like consistency, is best suited for filling and molding into bone defects.
